Large volumes of greenhouse gases such as CH 4 and CO 2 form by contact metamorphism of organic-rich sediments in aureoles around sill intrusions in sedimentary basins. Thermogenic gas generation and dehydration reactions in shale are treated numerically in order to quantify basin-scale devolatilization. We show that aureole thicknesses, defined as the zone of elevated metamorphism relative to the background level, vary within 30-250% of the sill thickness, depending on the temperature of the host-rock and intrusion, besides the sill thickness. In shales with total organic carbon content of >5 wt.%, CH 4 is the dominant volatile (85-135 kg/m 3 ) generated through organic cracking, relative to H 2 O-generation from dehydration reactions (30-110 kg/m 3 ). Even using conservative estimates of melt volumes, extrapolation of our results to the scale of sill complexes in a sedimentary basin indicates that devolatilization can have generated $2700-16200 Gt CH 4 in the Karoo Basin (South Africa), and $600-3500 Gt CH 4 in the Vøring and Møre basins (offshore Norway). The generation of volatiles is occurring on a time-scale of 10-1000 years within an aureole of a single sill, which makes the rate of sill emplacement the time-constraining factor on a basin-scale. This study demonstrates that thousands of gigatons of potent greenhouse gases like methane can be generated during emplacement of Large Igneous Provinces in sedimentary basins.
INTRODUCTION
The emplacement of Large Igneous Provinces (LIPs) were synchronous with major climatic and environmental perturbations since the Paleozoic (e.g. Stothers, 1993; Wignall, 2001; Courtillot and Renne, 2003) . LIPs are made up by an extensive network of sills and dikes emplaced into sedimentary basins, in addition to the large volumes of flood basalts. Pronounced negative carbon-isotope (d 13 C) excursions are identified from proxy data records covering these events, which can be explained by a release of 12 C-enriched carbon gases to the atmosphere (e.g. Jenkyns, 1988; Dickens et al., 1995; Hesselbo et al., 2000) . The sources of these gases are debated, and both gas hydrate dissociation and lava degassing have been suggested. Svensen et al. (2004) suggested that the source of carbon could be contact metamorphism of organic-rich shale around intrusive sills during LIP emplacement, and that the generated aureole gases subsequently vented to the atmosphere.
The hypothesis of thermogenic gas generation during contact metamorphism is supported by the presence of more than 1000 degassing pipes up to 150 m in diameter, originating at sill aureoles (Planke et al., 2005; Svensen et al., 2007) . The hypothesis is now adopted to explain the end-Guadalupian (261 Ma), the end-Permian (252 Ma), the end-Triassic (200 Ma), the Toarcian (183 Ma), and the Paleocene-Eocene Thermal Maximum (PETM) (55 Ma) (Payne and Kump, 2007; Svensen et al., 2007 Svensen et al., , 2009 Retallack and Jahren, 2008) . The key process of this hypothesis, gas generation during contact metamorphism of organic matter, remains poorly constrained.
Organic matter stored in sedimentary rocks (e.g. black shale) represents one of the Earth's largest carbon reservoirs (Falkowski et al., 2000) . This reservoir is tapped during contact metamorphism of organic material (e.g. Perregaard and Schiener, 1979; Saxby and Stephenson, 1987; Othman et al., 2001) . Carbon loss in aureoles is manifest by a decreasing total organic carbon (TOC) content and increasing vitrinite reflectance (%Ro) towards the contact with intrusions.
The aim of this study is to quantify gas formation by cracking of organic material and devolatilization of minerals in contact aureoles by numerical modeling (Fig. 1b) . We quantify aureole thickness on the basis of vitrinite reflectance profiles and obtain the mass and composition of devolatilization products as a function of sill volume and TOC content (Fig. 1c) . The composition and fate of the generated fluids are discussed. We extrapolate our results from aureole-scale (10-100 m above and below an intrusion) to basin-scale (>80,000 km 2 of intruded area) to evaluate the gas generation potential from contact metamorphism during LIP formation and compare it to the global carbon cycle perturbations.
AUREOLE PROCESSES

Contact metamorphism of organic material
Maturation of organic material in contact with igneous intrusions is thoroughly documented in the literature (Table 1) using several methods, including vitrinite reflectance measurements, Rock-Eval pyrolysis, gas chromatography, and stable isotope analysis (e.g. Powers and Clapp, 1932; Saxby and Stephenson, 1987; George, 1992) . Contact metamorphism of organic material leads to elevated vitrinite reflectance (%Ro), loss of TOC, increased aromatization and changes in carbon isotope compositions (d 13 C) of the residual organic material towards the contact (e.g. Clayton and Bostick, 1986; Barker and Bone, 1995; Meyers and Simoneit, 1999) . Sill intrusions are accordingly potentially important in many sedimentary basins for maturing source rocks and producing methane-rich gases.
Many studies focus on local contact metamorphic effects, and sill thicknesses, host-rock compositions, and depth of emplacement vary considerably. We have summarized 36 aureole case studies around sheet intrusions published since 1959 (Table 1) to get an overview of published data and aureole processes that have been considered in the literature.
A key issue discussed in the literature is the contact aureole thickness, defined as the zone of elevated metamorphism relative to the background level, starting at the intrusion contact. A common way of estimating the aureole thickness is based on vitrinite reflectance profiles, and for the numerical simulations we define the aureole thickness as the zone within P1%Ro. The aureole thicknesses usually vary between 30% and 200% of the intrusion thickness ( Table 1 ). The great span in this parameter in published aureole data suggests an influence of several factors, for example degree of background maturation, varying temperature of intrusion contact, different fluid systems, or multiple intrusions (e.g. Raymond and Murchison, 1988; Barker et al., 1998; Kjeldstad et al., 2003) . To constrain some of these variations and how they influence the aureole processes, we test how key parameters (intrusion temperature, host-rock temperature and sill thickness) affect both the aureole thickness and the mass of generated gases during heating. Through numerical modeling we are able to cover the whole range of natural variations in intrusion thicknesses and temperature history, and simulate the response of the host shale.
Contact metamorphism of inorganic material
Contact metamorphic processes, such as mineral dehydration, decarbonation and host-rock melting reactions are commonly done in aureoles of large plutons (e.g. Jamtveit et al., 1992; Svensen and Jamtveit, 1998 The final aureole is consisting of an inner aureole defined by vitrinite reflectance >1.5%Ro where only gas is generated and an outer aureole defined by >0.5%Ro, where gas and potentially oil can be generated. The TOC content decreases and the %Ro increases towards the contact. Fjeldskaar et al. (2008) T
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Modeling of contact aureoles
Numerical modeling of aureole-processes has several approaches, including heat conduction with latent heat of crystallization, dehydration and melting of aureole rocks, and heat advection by fluids with or without pore-pressure buildup (e.g. Jaeger, 1959; Delaney, 1982; Litvinovski et al., 1990; Annen and Sparks, 2002) . Some common modeling approaches are presented in Table 1 . Only five of these studies include modeling of vitrinite reflectance. None of the previous models combine modeling of organic and inorganic reactions, nor estimations of gas generation. Most numerical models are restricted to calculations of the temperature profile around intrusions, which is not sufficient for estimating the amount and composition of fluids that can be generated from the intruded shales.
METHODS
We use a 2D finite element model for conductive heatflow around a sill intrusion with latent heat of crystallization, latent heat of kerogen cracking and latent heat of dehydration reactions. The model accounts for kinetically controlled vitrinite maturation and kerogen cracking using Easy%Ro (Sweeney and Burnham, 1990 ) and mineral dehydration as predicted by phase equilibria (Connolly, 2009 ). We focus on conductive heat transfer with latent heat, and do not consider heat advection by fluid flow. This simplification is justified by analytical solutions that show negligible advective heat transport for a fluid expulsion of less than 10 wt.% through a low-permeable system, such as shales (Podladchikov and Wickham, 1994) . In addition, we avoid making basin-scale assumptions about the fluid-flow regime in the host-rocks, such as permeability and true pressure gradients. Heat advection by fluids may influence the geometry of local contact aureoles, although the total heat available for reactions is constant.
Despite the relatively common use of Easy%Ro to estimate vitrinite reflectances, there has been little focus on the sensitivity of the model to varying initial parameters. We therefore conducted a series of simulations to study the response of vitrinite reflectance to the key parameters influencing the thermal input into aureoles: sill thickness; intrusion temperature; and host-rock temperature.
Thermal modeling
A numerical model is developed for solving the thermal evolution of a cooling sill using 2D finite element method with a numerical resolution of 100 by 400 elements, and 1D finite difference method with a resolution of 1 by 500 elements. The 2D model domain is shown in Fig. 2 . We assume instantaneous igneous emplacement and no postemplacement flow. The physical parameters utilized in the modeling are given in Table 2 . We use the 1D model to calculate aureole thicknesses by systematically varying the intrusion temperature from 900 to 1300°C, the host-rock temperature from 10 to 110°C, and the sill thickness from 1 to 150 m. The 1D model gives similar results to the 2D model, but is more time-efficient for the array of runs conducted. We solve the heat conduction equation with latent heat,
where T is temperature, q is density, k is thermal conductivity, C P is heat capacity, t is time, x is horizontal direction, z is vertical direction, L is latent heat of devolatilization reactions, and R is rate of devolatilization reactions (kg fluid /s/ m 3 ) with formulas given in the following sections. An effective heat capacity, C eff P , accounts for the latent heat of fusion in the crystallizing parts of the sill, [meters]
[meters] Table 2. where L C is latent heat of crystallization, T L is liquidus temperature and T S is solidus temperature of the melt. Effects of latent heat of mineral dehydration and organic cracking are accounted for by the enthalpy method. The boundary conditions are fixed to the host-rock temperature at the top and bottom of the domain, while the boundary conditions at the sides are free. The boundaries do not influence the developing thermal field. We assume that the host-rock temperature above and below the intrusion are equal.
Organic maturation
Modeling of organic maturation
The individual chemical steps during kerogen cracking are complex and to a large degree unknown (e.g. Beardsmore and Cull, 2001 ). However, it has been shown for a bulk organic system that the rate of maturation can be satisfactorily approached by the Arrhenius equation using a set of 20 parallel first order reactions,
where A is the frequency factor, R is the gas constant and E i is the activation energy for the ith reaction (e.g. Tissot et al., 1987; Ungerer and Pelet, 1987) . The parallel reactions (i) represent the breaking of different kerogen bonds. We utilize the model Easy%Ro developed by Sweeney and Burnham (1990) for consistent modeling of vitrinite reflectance and organic cracking reactions. It is based on an average set of kerogen maturation kinetics and conveniently implemented using the following approach. The Arrhenius equation is integrated over time,
in order to calculate the decrease in the initial amount of convertible material (W i0 ),
where W it is the mass fraction of convertible material at time t. The total amount of product released at time t, Q t , is 
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The vitrinite reflectance is a widely used parameter to determine the organic maturity of the source rock (Dow, 1977; Hunt, 1996) . The calculation of vitrinite reflectance is implemented following the recipe of Easy%Ro by
where
and f i is the weighting factor for the ith reaction. Values for E i and f i can be found in Sweeney and Burnham (1990) . From this model it is apparent that the minimum value of %Ro is expðÀ1:6Þ ¼ 0:2 when F = 0, and at maximum conversion (F = 0.85) the value of %Ro is 0:2 Â exp ð3:7 Â 0:85Þ ¼ 4:7. At maximum conversion, 15% of the initial TOC content is retained as a graphite residue in the model. This corresponds to behaviour of kerogen between Type I and II, compatible with the organic-rich shale formations in the Karoo Basin (Faure and Cole, 1999) . Fig. 3 shows the result of the numerical model compared to normalized vitrinite reflectance data from a 10.4 m thick sill using the reported thermal values T hr = 30°C and T melt = 1240°C (Bostick and Pawlewicz, 1984) . The error introduced by not considering latent heat effects is approximately 20% less extensive aureole. The spreading of the data is by comparison 10-20%.
The reaction rate of hydrocarbon generation R OM is coupled to the organic reaction (Eq. (6)) through R OM ¼ q hr ðs tÀi À s t Þ, with s t ¼ s 0 À Q t s 0 , where s t is wt.% TOC/100 at time t, and q hr is the density of the host-rock. We use a density of 2400 kg/m 3 , simulating the 2-4 km deep organic-rich shale formations in the Karoo Basin (Catuneanu et al., 2005) .
Estimation of methane generation
We assume that all hydrocarbons are converted into methane (CH 4 ), because the kinetic conditions for transformation of organic matter at high temperatures favor gaseous products over liquid petroleum (e.g. Reverdatto and Melenevskii, 1983; Tissot and Welte, 1984; Karlsen and Skeie, 2006) . We cannot exclude the generation of additional oil, although secondary cracking of oil to gas is expected to initiate around 180°C (Schenk et al., 1997) , which is reached even in the outer parts of the aureole, supporting our assumption. The CH 4 yield (kg CH4 /m 3 rock ) is calculated from the relation
where M f is conversion factor from C to CH 4 (1.34).
We extrapolate the calculations of gas quantities generated in one aureole to basin-scale gas generation by assuming a cumulative sill thickness of 100 m intruding into organic formations in a basin. The total amount of CH 4 generated in one vertical column with an area of 1 m 2 (kg m
À2
) is determined by summing up a 1D section above and below the 100 m thick sill. We only consider methane generated within %Ro P1. To get the total mass of CH 4 generated on a basin-scale, this value is multiplied with the total area intruded by sills. The total area estimated to be covered by sills in the Vøring and Møre basins is 85,000 km 2 . However, the Vøring and Møre basins belong to the North Atlantic Volcanic Province, which is probably at least 5 times as large. The extent of sills intruding into the western Karoo Basin is $50,000 km 2 based on the mapped area of vent structures (Svensen et al., 2007) . For the total Karoo Basin we use an area of 390,000 km 2 for sills intruded into carbon-rich sediments (Svensen et al., 2007) . For the Siberian Traps we use an area of 1.6 million km 2 based on outcropping sill intrusions (Svensen et al., 2009 ).
Mineral dehydration modeling
Mineral dehydration reactions are modeled to estimate the relative amounts of CH 4 and H 2 O generated in aureoles for different initial wt.% TOC and sill thicknesses. The thermal solver is coupled to mineralogy by phase equilibrium modeling (Connolly, 2009) . The silicate metamorphic reactions are hence assumed to occur according to local equilibrium. We use an average pelitic sediment composition after Caddick and Thompson (2008) , with SiO 2 = 59.80%, Al 2 O 3 = 16.57%, MgO = 2.62%, Na 2 O = 1.73%, K 2 O = 3.53%, CaO = 1.09%, FeO = 5.81%, TiO 2 = 0.75%, MnO = 0.10% and H 2 O = 5.00%, by weight. Fig. 4a shows the calculated equilibrium mineral assemblages of the pelite, and Fig. 4b displays the bulk water content of the mineral assemblage as a function of temperature and pressure. We fix the pressure at 100 MPa, and use the transient thermal solver to extract contact aureole temperatures (along the dashed line). The total amount of H 2 O generated is thus directly linked to the maximum temperature obtained in the aureole. The rate of dehydration R D is calculated from R D ¼ q hr ðx tÀ1 À x t Þ, where x t is wt.% H 2 O/100 at time t, extracted from the relations in Fig. 4b . (Bostick and Pawlewicz, 1984) , normalized over intrusion thickness. Host-rock temperature is 30°C and intrusion temperature is 1240°C (Bostick and Pawlewicz, 1984) , the other values used are given in Table 2 .
Linear regression analysis
We apply linear regression analysis to our set of 1D calculations of aureole thicknesses. The modeling results are assembled in matrices which are solved for the unknown coefficients C: 
where d is the aureole thickness, h is the sill thickness and n is the number of calculations in this study ($1500), with systematic variations of sill thickness (1-150 m), intrusion temperature (900-1300°C) and host-rock temperature (10-110°C). The coefficients are used to construct a simple formula predicting the aureole thickness. To evaluate the accuracy of the regression model we find the coefficient of determination R 2 from
where S tot is the total sum of squares, S tot ¼ P n i¼1 ðy i À y i Þ 2 , where y ¼ ðd=hÞ calculated is the calculated aureole thicknesses (d) normalized over sill thickness (h) and y ¼ 1 n P n i¼1 y i is the grand mean of the normalized aureole thickness; S err ¼ P n i¼1 ðy i À z i Þ 2 is the total sum of squared errors, where z ¼ ðd=hÞ fitted for the fitted aureole thicknesses normalized over sill thickness.
Fluid composition
Fluid speciation calculations are conducted in order to derive the phase relationship between the generated H 2 O and carbonic species. We calculate carbon saturated fluid phase equilibria using Perple_X using the equation of state from Connolly and Cesare (1993) . Carbon-saturated fluids have only one compositional degree of freedom (X O ) which is specified by
where n O and n H are number of moles of O and H per mole of fluid (Connolly, 1995) . A pure CH 4 -fluid has X O ¼ 0, and a pure H 2 O-fluid has X O ¼ 1=3.
RESULTS
Devolatilization reactions
Fig . 5 shows the results of the final reaction stages of fluid generation as a function of TOC content (1 and 5 wt.%) of the host-rocks. We define the gas zone as vitrinite reflectance larger than 1.5%Ro (gas only), and oil zone as %Ro between 0.5 and 1.5 marking the catagenetic maturation (oil + gas) (e.g. Hunt, 1996) . The aureole thickness (%Ro P1) is $150 m for the 100 m thick sill (Fig. 5d) . The amount of CH 4 generated during heating varies greatly with the initial total organic carbon. The amount of H 2 O generated in the gas zone is 25 to 107 kg/m 3 , decreasing to 0 kg/m 3 in the oil zone (Fig. 5a ). For 1 wt.% TOC, 14-27 kg/m 3 CH 4 is generated in the gas zone, decreasing to $10 kg/m 3 hydrocarbons in the oil zone (Fig. 5b) . For a shale with 5 wt.% TOC the CH 4 -generation is 70-136 kg/ m 3 in the gas zone, decreasing to $40 kg/m 3 in the oil zone (Fig. 5c ). This implies that in the case of 5 wt.% TOC the amount of generated CH 4 is up to twice the amount of H 2 O, although the initial wt.% of both TOC and H 2 O in the rock is the same. The mass of generated gas per volume of rock is unaffected by the sill thickness. However, a lager (Caddick and Thompson, 2008) . The assemblages are simplified from original calculations to consider major dehydration reactions. Wet melting may occur above $750°C as indicated by the dashed line (Nichols et al., 1994; Grant, 2004 sill will affect a larger total volume of rocks and hence generate a larger total mass of CH 4 and H 2 O.
Aureole thickness
To compare published data from different geological settings, we have normalized the aureole thicknesses d to the intrusion thickness h (Fig. 6a) . The assembled data from Table 1 show that most aureole thicknesses fall between 30% and 200% of sill thicknesses (Fig. 6b) . There is a tendency for thinner intrusions to have smaller aureoles than thicker intrusions, although no clear distinction can be made. The distribution of observed aureole thicknesses is within the range of the systematically calculated distribution of aureole thicknesses shown in Fig. 6c .
To get a rough indication on the relative importance on the three parameters that are varied in the modeling, we apply linear regression analysis (Eq. (10) 
where d is the aureole thickness and h is the sill thickness. Fig. 7a shows a plot of the values obtained from this formula against calculated values. Most of the calculated aureole thicknesses (98.6%) are reproduced by the fitting formula to within a factor 2 (Fig. 7b) . The fit is most accurate for sills of 5-20 m, but is less accurate for higher sill thicknesses. The negative fit in Fig. 7a comes from a combination of the lowest values in T host-rock , T intrusion and h, giving a total value less than 6.8611. From Eq. (11), the coefficient of determination R 2 ¼ 0:89, which indicates that we capture about 90% of the response of d=h in the calculations by Eq. (13). Note that this linear relationship originates from vitrinite calculations using an equation with a total of three exponents (Eq. (7)), which makes a perfect linear fit unexpected. From the formula we deduce that changing the host-rock temperature by 50°C has a larger influence on the aureole thickness than changing the intrusion temperature by 50°C. Changing the sill thickness by 50 m will have an intermediate influence. Hence, host-rock temperature is the most sensitive parameter, while sill thickness will be most important for the non-normalized aureole thickness. This suggests that the depth of sill emplacement and the geothermal gradient in the basin are important factors in determining the volume of heated sediments, and hence the total mass of generated gas.
Fluid composition
The results of fluid speciation calculations are plotted in Fig. 8a , contoured for pressure ranging from 100 to 500 MPa. The compositions of the fluids generated are calculated from average fluid composition within the gas zone (Fig. 5) . We use two cases with initially 1 and 5 wt. and the H 2 O-dominated fluid ranges from 800 to 900 kg/ m 3 . Because pure H 2 O do not boil at these pressures, the change in density from solid to fluid upon dehydration is about one magnitude lower than the density change going from solid to CH 4 . Fig. 9 shows the total CH 4 generated in the aureoles around basin-scale sill-complexes emplaced in shale from 0.5 to 10 wt.% TOC. This analysis is relevant to understand gas generation in sedimentary basins affected by LIPs. For a background shale with 1-6 wt.% TOC, the estimated CH 4 generation potential for the Vøring and Møre basins is $600-3500 Gt (Fig. 9) . The total production potential for the Karoo Basin ranges from $2700 to $16,200 Gt (for 1-6 wt.% TOC). The source of carbon in the Karoo Basin is mainly the organic rich Ecca Group, including the black shale of the Whitehill Formation of 2-8 wt.% TOC and the Prince Albert Formation of 0.5-4 wt.% TOC (Svensen et al., 2007) . With an average TOC content of 2-4 wt.%, a conservative estimate of the methane produced in the Karoo Basin is $5400-10,700 Gt.
Basin-scale gas generation
The Siberian Traps were responsible for massive contact metamorphism and enhanced maturation in the Tunguska Basin, Russia (e.g. Kontorovich et al., 1997) . We estimate that at least $12,000-66,000 Gt of CH 4 (for 1-6 wt.% TOC) could have been generated through contact metamorphism of organic material in the Tunguska Basin, using the same upscaling approach as for the other basins. Latent heat of pore-water vaporization may be a heat sink in shallow intrusions, but because we consider deeply buried shales ($3 km) with low porosity, we do not incorporate this effect, as vaporization of pure H 2 O is confined to the upper $1 km of a sedimentary basin (Kokelaar, 1982; Wagner and Pruss, 2002) .
We have assumed no additional heat transport by fluid flow (i.e. the Peclet number is zero) as a first-order approximation for our basin-scale estimations. Although not shown here, there is a tendency for larger aureoles to occur above sills than below (e.g. Simoneit et al., 1978; Peters et al., 1983; Gurba and Weber, 2001 ). The asymmetry may result from vertical heat transport by fluids (e.g. Kjeldstad et al., 2003) . However, conduction is expected to be the main heat-transfer process in low-permeable shale sequences due to limited pore-water convection (e.g. Connolly and Thompson, 1989; Podladchikov and Wickham, 1994) . The zone of vertical fracturing is only making up 10-20 cm at the contact zone around a 10 m thick sill in South Africa (Aarnes et al., in reviewb) . Moreover, the application of this model to %Ro and TOC data from the Karoo Basin gives a good agreement between modeling and data without considering heat advection by the fluids (Aarnes et al., in review-b) , supporting our assumption.
Gas generation
Using default kinetic parameters from Easy%Ro that were determined from a wide range of source rocks is ideal for our generalised numerical approach to basin-scale aureole processes. The total generation potential W used in Easy%Ro adds up to 850 g HC /kg rock , similar to Type I kerogen, while the broad distribution of activation energies (142-301 kJ/mol) resembles the behaviour of Type III kerogen . Thus, the overall behaviour of kerogen transformation in shale source-rocks in our model is maintained. The application of default kinetics parameters implies that our model cannot explain all case studies, due to a vast array of kinetic responses in different rock types (e.g. Snowdon, 1979; Peters et al., 2006) . The type of kerogen in heated sediments dictates how much gas can be generated. Humic coals are mainly composed of Type III kerogen from which 10-25% of the carbon mass can be converted into gas (e.g. Hunt, 1996) . In contrast, Type I and II kerogen commonly found in organic-rich shales have the potential of converting up to 95% of the TOC to hydrocarbons (e.g. Ungerer and Pelet, 1987) . Because we use a conversion factor of 85% by weight, our approach will lead to an overestimation of gas generated from coal source rocks. Moreover, a considerable proportion of the carbon gases generated in coals can be retained with a high trapping efficiency within the structure of coals (Behar and Vandenbroucke, 1988; Saghafi et al., 2007 Saghafi et al., , 2008 . Precipitation of carbonates derived from coal decomposition and CO 2 can also cause further retention of the carbon gases in coal (Finkelman et al., 1998; Golab and Carr, 2004) . Coals are therefore less important for generating and releasing large volumes of CH 4 gases compared to black shales. Nevertheless, there are several case studies that demonstrate gas generation in coal that has experienced contact metamorphism (e.g. Snyman and Barclay, 1989; Cooper et al., 2007) . Although not considered here, coal-derived carbon gases may add to the total basin-scale gas generation (McElwain et al., 2005) .
Isotope fractionation during gas generation
The isotopic composition of the generated gases is important when comparing the amount of released gases to the proxy records. A recent study by Grö cke et al. (2009) suggests that the generation potential of 13 C-depleted carbon gases from coals is low because of the observed lack of 13 C enrichment in residual kerogen towards intrusion contacts. The negative fractionation of CH 4 relative to kerogen is commonly believed to cause a corresponding enrichment in d 13 C in the residual kerogen. However, experiments show no simple relationship between residual kerogen composition (change ±2.5&) and the gas generated (CH 4 with d 13 C of À27.8 to À38.0&) (Andresen et al., 1995; Lorant et al., 1998) . For example, CO 2 has a positive fractionation of about 1-3& for coals, and 3-5& for shales (Andresen et al., 1995) . Hence, we expect that a large generation of CO 2 can contribute to the small lowering of d
13 C values in the residual carbon. Indeed, some coals have a correlation between higher maturity and more negative d 13 C of kerogen (Andresen et al., 1995; Cooper et al., 2007; Schimmelmann et al., 2009) . More commonly, studies report no significant shift in d 13 C of the residual kerogen with increasing coal maturity (e.g. Faure, 1986; Ripley and Taib, 1989; Whiticar, 1996) , even when methane with d
13 C values from -50 to À25& is released (Andresen et al., 1995; Cramer et al., 1998) . Due to the lack of response in residual kerogen in addition to several factors influencing the d 13 C values, it is speculative to use residual kerogen d
13 C values as proxy for the generation of isotopically light carbon gases (cf. Grö cke et al., 2009).
Dehydration of minerals
The advantage of the thermodynamic equilibrium approach compared to kinetic modeling is that kinetics of mineral reactions are often poorly constrained (e.g. Nabelek, 2007 ). An overstepping temperature needed for dehydration reactions are estimated from kinetic modeling to be rarely more than a few degrees, with a maximum of 40°C (Walther and Wood, 1984) , and would only lead to a minor shift of the equilibrium reaction conditions (Fig. 4) .
The rate of dehydration reactions depends primarily on the rate of heat input (e.g. Walther and Orville, 1982) . Dehydration reactions at contact aureole temperatures ($500°C) are estimated to go to completion within $200 years (Walther and Wood, 1984) . This is well within the cooling time of 100 m sills ($500-1000 years). For thinner, 10 m sills the time of elevated temperature in the aureole may be too short for the minerals to reach equilibrium ($10-50 years). Heating experiments on oil shales show a water loss of $40 kg/m 3 , using the reported shale density of 2200 kg/m 3 (Gregg et al., 1981) . This is in agreement with the lower range predicted by our numerical model. (13)). About 90% of the data can be reproduced by a plane involving intrusion and host-rock temperature, as well as the natural logarithm of the sill thickness. The negative fit in z arises from extreme conditions, when the values of host-rock, intrusion and sill thickness is at its lowest (e.g. 10°C, 900°C and 1 m, respectively) in Eq. (13). This is a quite unlikely scenario, and not too much attention should be paid to the negative numbers. (b) Differences between calculated and fitted aureole thicknesses (error) are approximately within a factor 2 (dashed line), i.e. the fitting formula (Eq. (13)) gives a good indication of the calculated aureole thickness arising from heat conduction within a factor 2 error. The fitting formula is most accurate for sills around 5-20 m, with progressive less accuracy with increasing (and decreasing) sill thickness.
Aureole thickness
We show that the existing "rule of thumb" predicting aureole thicknesses of about 100% of the sill thickness can be improved to involve the temperatures of host-rock and intrusion, in addition to the sill thickness (Eq. (13)). The non-linear response of aureole thickness to sill thickness also implies that no universal 1:1 relationship can be expected, as thicker sills will have relatively thicker normalized aureoles. This is due to a longer total time for the heat pulse to pass through the rocks in the case of thicker sills. The derived relationship is consistent with a large diversity in the data ( Fig. 6a and b) , and is further supported by a vitrinite data showing a relation between the logarithm of intrusion thickness and the aureole thickness (Raymond and Murchison, 1988) . The calculated relationship is less accurate for a combination of extreme values in temperatures and sill thickness, such as a 1 m sill with T m of 900°C and T hr of 10°C.
An important implication of the relationship in Eq. (13) is that we expect larger aureoles to occur when sills intrude into host-rocks of relatively high background temperatures, as long as the temperature is within the field of normal organic maturation. Thus, thicker aureoles will develop in basins with high geothermal gradients or around deeply emplaced sills. This is illustrated in Fig. 10a using Eq. (13) showing aureole thicknesses as a function of different geothermal gradients. The figure is calculated using a sill thickness of 50 m and a constant intrusion temperature of 1150°C. Fig. 10b illustrates how sill thicknesses influence the aureole thicknesses with depth. The geothermal gradient is fixed at 20°C/km, with a constant intrusion temperature of 1150°C. In a volcanic basin, multiple sill intrusions can cause larger aureoles due to elevated background temperatures (Hanson and Barton, 1989; Deyoreo et al., 1991; Aarnes et al., in review-b) .
Composition and fate of fluids
Contact aureoles in shales will be dominated by CH 4 -H 2 O fluids rather than H 2 O-CO 2 fluids, because of low oxygen fugacity resulting from a lack of oxygen sources (Connolly and Cesare, 1993) . This fits well with our assumption of kerogen converting mainly into CH 4 , rather than CO 2 . At 100 MPa the solubility of CH 4 in H 2 O is 0.4-10 wt.% for the temperature range 100-350 o C (Bonham, 1978) . This implies that for an aureole with 5 wt.% TOC, the maximum of $20 kg/m 3 CH 4 can be retained in the denser, less mobile H 2 O-dominated phase (10% of 120 kg/ m 3 CH 4 + 90 kg/m 3 H 2 O). Substantial addition of CO 2 from decarbonation or sources rich in Type III-kerogen can lead to a shift towards H 2 O-CO 2 fluids (e.g. Gregg et al., 1981; Finkelman et al., 1998) . Also, H 2 O can react with residual graphite to produce CH 4 -CO 2 fluids, with composition depending on the redox conditions (e.g. Pattison, 2006; Boiron et al., 2007) . Fluid inclusion studies of metapelitic aureoles is compatible with such a scenario, with an initial CH 4 -H 2 O fluid later transforming to a H 2 O-CO 2 fluid as H 2 O reacts with residual graphite (Huff and Nabelek, 2007) .
The fates of the generated fluids will depend on their relative densities, capillary pressures and overpressure buildup, among others (e.g. England et al., 1987; Jamtveit and Yardley, 1997) . A fluid-pressure buildup in the aureole will promote fluid flow out of the aureole either by seepage through microfractures, or by explosive venting. The low density of the CH 4 -fluid generated in the aureole is favorable for generating a significant fluid overpressures (Aarnes et al., in review-a) . Fluid-expansion resulting from kerogen cracking to gas is a well established source of overpressure in shales (e.g. Osborne and Swarbrick, 1997; Tingay et al., 2009) . The extra porosity generated from devolatilization can cause viscous compaction and initiation of porositywaves, which provides an effective transport mechanism to the atmosphere (e.g. Connolly, 1997; Connolly and Podladchikov, 1998; Appold and Nunn, 2002) .
If a large volume of rock undergoes contact-metamorphic devolatilization reactions more rapidly than the fluids can escape, the building up of overpressure may eventually be released through extensive brecciation of the rock (Aarnes, 2010). Pipe-like flow structures originating from contact aureoles are evidence of such overpressures (e.g. Skinner and Marsh, 2004; Oliver et al., 2006; Svensen et al., 2006 ). An overpressurized aureole can arise from boiling and expansion of pore-fluids down to depths of $1 km (Delaney, 1982; Kokelaar, 1982; Manning and Bird, 1991; Jamtveit et al., 2004) . Deeper pipe-structures rooted down to 2-4 km are thus more likely to form due to generation of substantial masses of CH 4 and H 2 O in aureoles (Svensen et al., 2006 (Svensen et al., , 2007 . Vents are observed to commonly originate at sill tips (Planke et al., 2005) . Thus, vents can drain aureole fluids from both upper and lower aureoles through lateral flow (cf. England et al., 1987) . A typical pipe source region can be on the order of 5 km 3 , effectively draining the aureole systems of the generated fluids (Svensen et al., 2009).
Climate implication of basin-scale gas generation
Previous studies have suggested that the formation and release of greenhouse gases during metamorphism, such as CO 2 from decarbonation, can have an impact on the global climate Caldeira, 1993, 1998) . Throughout geologic history, formation of Large Igneous Provinces in sedimentary basins has coincided with episodes of global warming and mass extinctions (e.g. Wignall, 2001; Courtillot and Renne, 2003) . These provinces include the Emeishan volcanic province (end-Guadalupian event, $260 Ma) (e.g. Zhou et al., 2002; Ganino and Arndt, 2009) , the Siberian Traps (end-Permian event, $252 Ma) (e.g. Visscher et al., 2004; Retallack and Jahren, 2008; Svensen et al., 2009) 1999; Courtillot and Renne, 2003) , the Karoo igneous province (Toarcian event, ca. 182.6 Ma) (e.g. Jenkyns and Clayton, 1997; Svensen et al., 2007 Svensen et al., , 2008 and the North Atlantic igneous province (PETM, ca. 55.5 Ma) (e.g. Svensen et al., 2004; Storey et al., 2007) . All these events also coincide with global carbon cycle perturbations in the form of a negative shift in the global d 13 C isotopic record, which can be explained by a massive release of d 13 C-depleted gases, such as thermogenic methane, to the atmosphere.
Commonly, thick sills (>100 m) covering several square kilometers are found in deep levels of many sedimentary basins (e.g. Mjelde et al., 1998; Chevallier and Woodford, 1999; Polteau et al., 2008) . This implies a relatively high host-rock temperature ($75-100°C) and potentially elevated background maturation at the time of the LIP formations. In our model, these conditions support the formation of thick aureoles (Eq. (13)). If the intruded shale is mature, the original source-rock potential is decreased and the kinetic behaviour of the kerogen will be dictated by higher activation energies as the most labile bonds break off in the initial maturation. This is not accounted for in our modeling, but can be approached by using a TOC content that corresponds to the level of background maturation in the basin. We therefore assume that the host-rocks have a maximum average of 6 wt.% TOC on the basin-scale, although individual shale-formations can have initial TOC contents of at least 10 wt.%.
The calculated amounts of CH 4 generated in the Vøring and Møre basins in Fig. 9 are similar to the $1340 Gt CH 4 that was estimated for a 200 m thick aureole (i.e. $100 m thick sill) at 2 wt.% TOC by Svensen et al. (2004) . This is a conservative value as the cumulative sill thickness in the volcanic basins can reach at least 300 m. Sill emplacement in the Vøring and Møre basins has been linked to the PETM event, with sills dated to 55.6 ± 0.3 Ma and 56.3 ± 0.4 Ma (Svensen et al., 2010) .
Comparing our estimate of 3500 Gt CH 4 generated in the Vøring and Møre basins to calculations of Pagani et al. (2006) give a À2.5& negative shift of d 13 C using an isotopic composition of the released methane of À35&. This is compatible with the recorded d 13 C-drop of À2 to À3& (Dickens et al., 1995; Higgins and Schrag, 2006) . For our least conservative estimate using 300 m of cumulative sill thickness in the Vøring and Møre basins, $4000 Gt C (5250 Gt CH 4 ) can be generated to match the higher estimates (4000 Gt C with d 13 C of À35&) required by the study of Panchuk et al. (2008) .
The values calculated for the western Karoo Basin (Fig. 9) coincide well with the values 394-675 Gt CH 4 estimated by Svensen et al. (2007) based on actual aureole measurements. Similarly, the calculated methane generation potential for the total Karoo Basin (2700-16,200 Gt) corresponds well with the estimates ranging from 2505 to 10,037 Gt CH 4 for a TOC-interval of 2-5 wt.% and cumulative sill thickness of 100-200 m (Svensen et al., 2007) . Rapid release of these gases would result in a d 13 C-drop of À3& to À5& (Pagani et al., 2006) , which is similar to the proxy record for the Toarcian event (Beerling and Brentnall, 2007; Cohen et al., 2007) .
Our study thus suggests rapid production (i.e. 10-1000 years) of thermogenic methane, with total masses large enough to explain the corresponding proxy records if released. The generated aureole gases can efficiently reach the atmosphere through the many (>1000) observed vent complexes (Svensen et al., 2007) . The rate-limiting process will therefore mainly be the duration of sillemplacement in organic-rich formations, as both cracking and subsequent venting are relatively rapid processes. A massive release of methane from contact aureoles can trigger positive feedback mechanisms, such as release of methane from gas hydrates (e.g. Dickens et al., 1995; Hesselbo et al., 2000) and decreased overall storage capacity of carbon in the Earth system (e.g. Cox et al., 2000; Friedlingstein et al., 2006) . The advantages of the thermogenic gas release over the methane hydrate mechanism are: (1) no requirement of any pre-warming episode; (2) the existence of geological evidences that hydrocarbons were generated, and released, from basinwide occurring contact aureoles; (3) the generation potential of methane is in the same magnitude required to explain the proxy data, which may not be the case for the methane hydrate source (Higgins and Schrag, 2006; Panchuk et al., 2008) ; (4) a coherent explanation of the coincidental timing of LIP formation and global carbon-cycle perturbations.
CONCLUSIONS
We have developed a numerical model that predicts aureole thicknesses, gas generation and mineral dehydration for a wide range of intrusion thicknesses, intrusion temperatures and host-rock temperatures. By extrapolating our model to basin-scales, we are able to estimate information about aureoles that are directly observable. Our key conclusions are:
Aureole thicknesses can vary from $30% to 200% of the sill thickness, depending on host-rock temperature, sill thickness and intrusion temperature. Contact metamorphism of shale will produce mainly CH 4 -H 2 O fluids. CHB 4 will dominate for TOC contents of >5 wt.%, while H 2 O will dominate for TOC contents of <1 wt.%. Conversion of organic material to hydrocarbons in contact aureoles is a rapid process (10-1000 years) depending on intrusion thickness. The rate-limiting factor for hydrocarbon generation is the duration of sill emplacement. We estimate that the generation potential of CHB 4 is $600-3500 Gt from the Vøring and Møre basins, $2700-16,200 Gt from the Karoo Basin and $12,000-66,000 Gt from the Tunguska Basin. The key parameters are sill volume and TOC content of the intruded shale formations. Thermogenic gas generation related to LIP formations in sedimentary basins, with subsequent release of these gases to the atmosphere provides a causal connection for triggering global carbon cycle and environmental perturbations in times of LIP formation, like the endPermian ($252 Ma), the Toarcian ($183 Ma) and the Paleocene-Eocene ($55.5 Ma).
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